Abstract-The goal of this study was to simulate in vitro the spontaneous electrical wave activity associated with retinal development and investigate if such biometrically designed signals can enhance differentiation of mouse retinal progenitor cells (mRPC). To this end, we cultured cells on an electroconductive transplantable polymer, polypyrrole (PPy) and measured gene expression and morphology of the cells. Custom-made 8-well cell culture chambers were designed to accommodate PPy deposited onto indium tin oxide-coated (ITO) glass slides, with precise control of the PPy film thickness. mRPCs were isolated from post-natal day 1 (P1) green fluorescent protein positive (GFP+) mice, expanded, seeded onto PPY films, allowed to adhere for 24 hours, and then subjected to electrical stimulation (100 μA pulse trains, 5 s in duration, once per minute) for 4 days. Cultured cells and non-stimulated controls were processed for immunostaining and confocal analysis, and for RNA extraction and quantitative PCR. Stimulated cells expressed significantly higher levels of the early photoreceptor marker cone-rod homebox (CRX, the earliest known marker of photoreceptor identity), and protein kinase-C (PKC), and significantly lower levels of the glial fibrillary acidic protein (GFAP). Consistently, stimulated cells developed pronounced neuronal morphologies with significantly longer dendritic processes and larger cell bodies than non-stimulated controls. Taken together, the experimental evidence shows that the application of an electrical stimulation designed based on retinal development can be implemented to direct and enhance retinal differentiation of mRPCs, suggesting a role for biomimetic electrical stimulation in directing progenitor cells toward neural fates.
I. INTRODUCTION
It is has been established that waves of spontaneous cellular electrical activity play essential roles in developmental gene expression and activity-dependent synaptic refinement in retina and other areas of the central nervous system [1] [2] . Spontaneous electrical activity during neuronal development is characterized by rhythmic bursts of action potentials lasting for milliseconds, followed by interburst refractory periods lasting from milliseconds to minutes [3] [4] .
During the process of retinogenesis, synchronized waves of electrical activity are generated and spread across the immature retina. In mouse, from post-natal day 0 (P0) to P15, these depolarizing waves are triggered by cholinergic starburst of amacrine cells and propagated by ganglion cells [1] . Later in development, from P15 to P30, glutamatergic bipolar cells become the pacemakers that trigger the wave patterning. The depolarizing wave patterns during retinal development in mouse (P0-P4), are characterized by 3-5 second long bursts every 60 s [5] [6] [7] . This period of spontaneous bursting activity correlates with the time of peak birth rate for rod photoreceptors [8] .
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Rhythmic depolarizing stimulation has been shown to influence neuronal differentiation via calcium-dependent mechanisms in a number of cell types [1, [9] [10] [11] [12] . We were interested in exploring if such depolarizing effects can be replicated in vitro to study their effects on differentiation of retinal cells under tightly controlled conditions. Electrical stimulation of stem and progenitor cells on conductive polymers has shown potential for biomedical applications and tissue engineering. [9, [13] [14] [15] [16] [17] [18] . In particular, electrically conductive polymers have become an increasingly attractive option for biomedical applications allowing for electrode modification, ease of fabrication and high surface area which facilitates ion exchange between the electrodes and surrounding tissues [17] . Of the electrically conductive polymers, PPy is most widely studied due to its inherent biocompatibility in vitro and in vivo [14] [15] . Thin films of PPy have been shown to support cell attachment and growth in vitro, and have been used in vivo to bridge peripheral nerve gaps without any apparent toxic effects [19] . PPy also allows for external control and accurate regulation of electrical stimulation parameters [20] . Furthermore, electrically stimulated cells adherent to PPy show enhanced neurite outgrowth [16] [17] [18] [19] 21] . The use of PPy also provides the flexibility of adding dopant ions and growth factors to modify the surface characteristics to support enhanced growth of cells. [9, 13, 21] .
In this study, we have designed electrical stimulation protocols mimicking the electrical activity during early retinal development [1, 22] in the form of pulse trains, 100 µA in amplitude (corresponding to 100 mV amplitude, and shown to influence neurite outgrowth in previous studies [23] ), for 5 s, every 60 s (designed to be temporally biomimetic based on the temporal properties of endogenous depolarizing retinal wave patterns observed in vivo [1] ). Then, we developed a modular cell culture system allowing cultivation of mouse retinal progenitor cells (mRPCs, derived from GFP+ mice) directly on thin films of PPy, and application of electrical signals over the duration of culture. We collected evidence of increased dendrite length, increased size of cell bodies, and significant changes in protein expression in response to this novel developmental retinal oscillation/PPy stimulation paradigm. We suggest that electrical stimulation of mRPCs on conductive PPy may recapitulate developmental gene expression and axonal refinement in vitro, and result in high percentages of electrophysiologically entrained neural progenitors.
II. METHODS

A. Cell Culture Chamber
PPy was deposited onto 25 mm x 75 mm ITO coated glass slides (Delta Technologies) using a standard twoelectrode electropolymerization protocol in 0.2 M pyrrole, 0.2 M sodium dodecylbenzenesulfonate (Sigma-Aldrich). PPy thin-film growth was controlled galvanostatically at 8 mA for 3 min (1.44 C total charge deposition) with the ITO slide as anode and a platinum mesh cathode. In order to create 8 discrete cell culture wells, polydimethylsiloxane (PDMS, Ellsworth Adhesives) was cured around a metal mold. A sheet of polycarbonate (McMaster) 3/16 in thick was machined to fit the cell culture wells. Polycarbonate sheets formed a roof and floor around the PDMS and PPy slides and were tightened with nylon screws to prevent medium leakage. Figure 1 illustrates the fabrication and assembly processes for the cell culture chambers.
B. Mouse Retinal Progenitor Cell (mRPC) Isolation and Culture
All experiments were performed according to the Schepens Eye Research Institute Animal Care and Use Committee and the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. Isolation of mRPCs was performed as previously described [24] . Briefly, retinas were isolated from postnatal day 1 (P1) enhanced green fluorescent protein positive (GFP + ) transgenic mice (C57BL/6 background). Pooled retinas were dissociated by mincing, and digested with 0.1% type 1 collagenase (SigmaAldrich, St. Louis, MO) for 20 min.
The isolated mRPCs were passed through a 100 µm mesh filter, centrifuged at 850 rpm for 3 min, re-suspended in Neurobasal culture medium (NB; Invitrogen-Gibco, Rockville, MD) containing 2 mM L-glutamine, 100 mg/ml penicillin-streptomycin, 20 ng/ml epidermal growth factor (EGF; Promega, Madison, Wisconsin) and neural supplement (B27; Invitrogen-Gibco) and plated into culture wells (Multiwell; Becton Dickinson Labware, Franklin Lakes, NJ). P1 isolated cells were expanded with fresh culture medium on alternating days for 3 weeks until mRPCs were visible as proliferating non-adherent spheres. mRPCs were passaged 1:3 every 7 days.
C. Electrical Stimulation of mRPCs on PPy
All components were sterilized in 70% ethanol and/or UV light. Wells were washed with sterile PBS and precoated with laminin 20 μg/ml. Assembly occurred in the sterile biological hood.
Retinal progenitor cells (4 x 10
5 cells in 800 μL of medium) were seeded into each of the culture wells (surface density 289.9k cells/cm 2 ) and allowed to grow for 24 hours. Starting on day two, cells were stimulated with 100 μA pulse train (5 s pulse, once per minute) for 4 days. 100 μA amplitude corresponded to 100 mV amplitude, which in previous studies has was shown to influence neurite outgrowth [23] , and 5 s pulses, delivered once per minute was designed to be temporally biomimetic based on the temporal properties of endogenous depolarizing retinal wave patterns observed in vivo [1] . Stimulation frequency was controlled with a function generator, pulse duration with a '123 pulse generator and current controlled at 100 μA via a LM334 current source. Control experiments were conducted in identical conditions in the absence of stimulation.
D. Immunofluorescence and image analysis
After culturing mRPCs on PPy films for 7 days, mRPCPPy composites were harvested from the culture wells, rinsed 3 times with warm PBS (37 °C), fixed in 4% paraformaldehyde for 1 hr, and processed for immunocytochemistry as follows. All samples were rinsed with PBS 3 times for 10 min, blocked, and permeabilized in PBS containing 10% goat serum, 1% BSA, and 0.1% Triton- Semi-quantitative analysis of protein expression levels was performed using ImageJ Software (NIH) and was used to measure intensity in the red channel. Red always corresponded to the secondary antibody labeling of target proteins, as green was ubiquitously expressed GFP on the actin promoter, and blue the DAPI nuclear stain. Controls of mRPCs cultured on non-stimulated PPy films were used for comparison. To quantify dendritic length, GFP dendrites were imaged at 20x and measured using ImageJ. In addition, we used a custom developed Matlab® script running image analysis functions to measure cell bodies' area. Briefly, images of stimulated and non-stimulated GFP + cells were processed removing axons and dendrites; measurements of cell bodies were performed on binary images. Significant differences were assessed via one-way ANOVA testing, with p<0.05 considered significant.
E. Real-Time quantitative RT-PCR (qPCR)
Total RNA was extracted from stimulated and control mRPCs (RNeasy Mini kit Qiagen, CA, USA) followed by column treatment with DNase I (Qiagen, CA, USA). Reverse transcription was performed with Omniscriptase Reverse Transcriptase (Qiagen, CA, USA) and primers (Sigma, MO, USA). Real-Time quantitative PCR was performed with A 7500 qPCR system (Applied Biosystems, Irvine, USA) at 40 cycles with 100 ng of starting cDNA. Power SYBR green was used for amplification and data analyzed by delta CT method, SDS program version 1.4 (Applied Biosystems, Irvine, USA). RNA was quantified with the delta CT method and normalized to ß-Actin as an endogenous control. Each reaction was performed in triplicate. (Figure 2A) . GFAP expression decreased 3.8-fold (P<0.005) in stimulated cells, suggesting differentiation away from glial cell fates, whereas CRX expression was increased 26.6-fold and PK-C was increased 83.5-fold (p<0.005), in stimulated cells (Figure 2A ). There were no significant differences in Ki-67, Recoverin, and NF-200, although the latter two showed a trend towards increased expression following electrical stimulation ( Figure 2B) .
III RESULTS
A. Immunofluorescence
B. Real-Time quantitative RT-PCR (qPCR)
qPCR analyses were conducted to quantitate the expression of proteins in stimulated and control RPCs. (Figure 3) . The obtained trends for Recoverin, GFAP and PK-C were consistent with the immunofluorescence quantification described above. We also detected a significant increase in Nestin expression (p<0.05) and decrease in NF-200 (p<0.05) in stimulated versus non-stimulated RPCs.
C. Dendritic length and cell body size
Electrically stimulated cells showed an increase in average dendrite length, with RPCs stimulated for 4 days growing dendrites with average lengths of 101.7 ± 3.0 µm, while non-stimulated cells measured 63.7 ± 2.7 µm (p<0.001) (Figure 4A ). Representative images of GFP fluorescing cells are shown for control and stimulated cultures, along with the histogram with quantitative data. In parallel, using a custom-developed script running image analysis commands in Matlab®, we evaluated the average size of cell bodies, measured by the projected area. The results are shown in Figure 4B , with GFP images again helping visualization of the differences in cell bodies area, and the histogram on the right reporting the 2.5-fold increase (p<0.005) in stimulated samples versus non-stimulated controls (values in pixels squared are 7.17E+02 ± 235.7 and 2.89E+02 ± 89.2, respectively).
IV DISCUSSION
To recapitulate electrical wave patterns observed in developing retina we stimulated retinal progenitor cells using a biomimetic pattern of 100 μA pulse train (5 second pulses, once per minute) for 4 days on the electrically conductive polymer PPy. The electrical stimulation induced an increase in CRX and PK-C expression (Figure 2) suggesting that stimulation influences differentiation of RPCs towards early photoreceptor and bipolar cell gene expression patterns [25] . CRX has been shown in vivo to influence the expression of phototransduction genes [26] . Exogenous CRX transfection into RPCs has also been shown to direct differentiation towards photoreceptor fate [27] .
Consistent results from both quantification of the fluorescent signals in stained cultures and gene expression analysis via qPCR, highlighted a reduction in GFAP ( Figure  2 and Figure 3) . During retinal development GFAP expression is decreased in neuronal cell types and upregulated in cells developing toward a Muller glia fate [28] . A decrease in GFAP has also been correlated with increased proliferation and re-enter into the cell cycle [29] . Observed trends of increased expression of Recoverin in stimulated RPCs, also lends support to electrical stimulation influencing retinal neuronal differentiation [30] .
Observed increases in the area of stimulated RPC soma in comparison to non-stimulated controls (Figure 4 ) may indicate increases in cellular metabolism and function [31] . It has been suggested that electrical stimulation increases neuronal growth as well as expression of nerve growth factor, glial-derived growth factor and ciliary neurotrophic factor [31] . We also observed increased axon length in stimulated RPCs (Figure 4) , which suggests improved neuronal morphology correlated to calcium-mediated electrical activity-dependent mechanisms on PPy substrates [18, 32] .
In the present study we focused on in vitro modeling of biomimetic electric wave patterns derived from the developing mammalian retina [1, 7] . Although research evaluating electrical stimulation driven differentiation in a number of cell types [1, [9] [10] [11] [12] , and although a number of groups have used electrical stimulation targeting ganglion cells in attempts to enhance survival or drive perception toward prosthesis [33] [34] , to our knowledge this is the first study describing biomimetic electrical stimulation of retinal progenitors to drive differentiation. The work suggests that this in vitro model of RPC stimulation on PPy is capable of guiding multipotent RPCs toward retinal neural genotypic expression and morphology. This work defines changes in cell behavior influenced by rhythmic electrical stimulation potentially driving activity-dependent processes. The experiments reveal changes that may elucidate the influence of electrical activity guiding retinal development and may also be applied to future neural tissue engineering strategies.
Future studies will involve the optimization of the stimulation regimes, implementing more complex spatial and temporal patterns of in vivo-like electrical activities, which we could obtain using programmable electrical stimulators. Further studies will also include analysis of calcium dynamics and biomimetic differentiation media given their established role in influencing neuronal differentiation many cell types. In addition, other biomimetic approaches will be used to investigate the role of electrical stimulation on three-dimensional RPC constructs (neurospheres) better recapitulating the in vivo behavior of cells. Additionally, both Human Embryonic (hESC) and induced Pluripotent Stem Cells (iPSc) differentiated into RPCs may provide expandable cell sources stimulation analysis. These studies will likely be key towards understanding retinal waves during development and toward Tissue Engineering application. *p<0.05, n≥ 3.
